Objective: To determine the association between human milk (HM) intake and risk of necrotizing enterocolitis (NEC) or death among infants 401 to 1000 g birth weight.
Introduction
Necrotizing enterocolitis (NEC) is the most significant gastrointestinal emergency occurring among very low birth weight infants.
1,2 NEC remains a major cause of morbidity and mortality, 1, 2 with an incidence of 7 to 13% among very low birth weight infants; extremely low birth weight infants having the highest rates of disease. [3] [4] [5] In 1997 and again in 2005, the American Academy of Pediatrics published position statements recommending human milk (HM) for premature infants. 6, 7 Although the mechanism of protection is not completely understood, evidence supports the beneficial effects of HM to reduce the risk for NEC in premature infants. [8] [9] [10] [11] In addition, HM may reduce rates of late onset sepsis, 8, 12, 13 and retinopathy of prematurity, 14 and may have long-term effects on the cognitive development of extremely premature infants. 15 The objective of this study was to determine the association between amount of HM taken in the first weeks of life and subsequent risk of the combined outcome of NEC or death. This study utilized the cohort of infants that were part of a trial on parenteral glutamine supplementation. 16 These data have also been used in studies evaluating effects of HM on developmental outcomes at 18 months of life 15 and retinopathy of prematurity. 17 
Methods

Study infants
From October 1999 to August 2001, the National Institute of Child Health and Human Development Neonatal Research Network (Network) enrolled infants in a multicenter, randomized, doublemasked trial of parenteral glutamine supplementation. 16 Among infants who weighed between 401 and 1000 g at birth, 1433 infants from 15 centers were enrolled during the first 72 h of life. Infants were excluded if they had major congenital anomalies, suspected congenital nonbacterial infection, pH<6.80, hypoxia with bradycardia for >2 h or a decision had been made to withhold aggressive care. Infants were randomized to receive either standard parenteral nutrition or parenteral nutrition supplemented with glutamine. No enteral feeding protocol was mandated; rather enteral feedings were started and advanced as per individual physician and/or center policy.
We used data from the trial and the Network's very low birth weight registry to determine the relationship between amount of HM intake and likelihood of NEC or death. The temporal relationship between early feeding and NEC or death is extremely important, as the infant feedings need to precede the outcome in order to ensure the effect of HM feeding on subsequent outcome. Therefore, infants were excluded from this secondary analysis if they did not remain in the hospital for at least 14 days or developed NEC before 14 days of life. Infants less than 23 weeks estimated gestation were excluded due to their high mortality risk.
Nutrition data were collected daily until the infants were on full enteral feeds (defined as greater than or equal to 110 kcal kg À1 per day from enteral nutrition), and then on Monday, Wednesday and Friday until hospital discharge or age 120 days. For the days of the week on which data were not collected, the values were interpolated. As none of the participating centers used banked HM during the trial, all reported feedings with HM were mother's own milk. Institutional Review Board approval and informed consent were obtained as previously described. 16 
Definitions
The primary outcome for this study was NEC, defined as Bell's stage II or III 18 or death occurring between age 14 days and hospital discharge or age 120 days, whichever occurred earlier.
Death was included as a competing outcome because some infants who died may have developed NEC if they had survived. Thus, excluding infants who died assumes that any effect of breast milk feeding on risk of NEC was not observed in those infants. HM intake was defined as the proportion of total intake (enteral and parenteral), proportion of enteral intake and cumulative volume of HM fed in the first 14 days of life. We reasoned that HM intake in the first 2 weeks of life was likely to result in a protective effect after 14 days of life, with 14 days chosen as an arbitrary cutoff. Among infants who received enteral feeds, 90% received their first feed within the first 14 days of life. The relationship between early HM intake and likelihood of NEC or death was determined using multivariable, Cox proportional hazards regression. Covariates in the regression models were chosen because of demonstrated associations with NEC or death or to account for unmeasured center to center variation in infant risk or style of care: birth weight (in grams), small for gestational age, race, antenatal steroids, duration of mechanical ventilation in the first 14 days of life, treatment for patent ductus arteriosus (PDA) defined as either clinical evidence of a left to right shunt and/or echocardiographic evidence of a ductus with left to right shunt and treatment with either indomethacin and/or surgical ligation and center.
Two models were developed to determine the effects of HM intake: (1) as a proportion of total intake (enteral and parenteral) and (2) as a proportion of enteral intake alone. In the latter model, for infants who had no enteral intake in the first 14 days of life, HM intake as a proportion of total enteral intake was assigned as zero. In addition to determining the association between HM as a proportion of total and enteral intake, a third model, including only infants who received HM, was developed to determine whether a dose-response relationship could be observed between amount of HM taken per unit body weight and NEC or death after age 14 days.
Statistical methods
In order to evaluate potential covariates and confounders, unadjusted associations between the outcome (NEC or death) and maternal and neonatal variables were explored using the w 2 -test or the Fisher's exact test when appropriate for categorical variables and the Student's t-test or Mann-Whitney U-test when appropriate for continuous variables. Variables that were marginally statistically significant (P<0.1) in the unadjusted analyses were considered as potential covariates and were further evaluated in a multivariable regression model. To increase confidence in the observed relationship between HM feeding and NEC or death, we attempted to include as many variables as possible that may potentially confound this relationship. The unadjusted relationship of HM intake with NEC or death was assessed by comparing the proportion of intake as HM and the cumulative volume of HM (ml kg À1 ) received in the first 14 days of life by outcome group using the Student's t-test. Multivariable, Cox proportional hazards regression analysis was performed to estimate the effects of the proportions of total and enteral intake as HM in the first 14 days of life on the likelihood of NEC or death after 14 days of life and to estimate the effects of amount of HM taken among those who received HM. Relative risks are expressed as multivariate-adjusted hazard ratios (HRs) with 95% confidence intervals (CIs). Time to event was calculated from birth to discharge or age 120 days or outcome (NEC or death). For infants who developed NEC and died subsequently, the time to event was calculated from birth to the onset of NEC. Neonatal intensive care unit (NICU) center was included in all regression analyses to control for otherwise unmeasured variability in care and patient characteristics across practice sites. Each model was also run with a second order term included to test for a nonlinear relationship between the feeding variable and the outcome. All second-order terms were nonsignificant, consistent with a linear relationship between the feeding variables and the outcome. The proportional hazard assumptions of all models were tested using the Schoenfeld residuals. All analyses were completed by RTI International using SAS software version 9.1 (SAS Institute, Cary, NC, USA). infants who were excluded from the analyses: 32 died within the first 72 h of life; 7 infants were discharged or transferred to another institution before age 14 days; 7 had either gut or heart malformations; and 16 infants were <23 weeks gestation. An additional 99 infants either developed NEC (n ¼ 31) or died (n ¼ 68) within the first 14 days of life and were not included in the analyses. Among the 99 infants who developed NEC or died before 14 days, 46.9% (n ¼ 46) received some enteral feeding before the outcome. Of these, 32% (n ¼ 32) received some HM in the first 14 days of life (mean (s.d.) cumulative volume of HM received 119.6 ml kg À1 (190.7)), and 25.3% (n ¼ 25) received some formula (cumulative volume of formula received 127.7 (160.6) ml kg À1 ). Among the 1272 infants included in this study, 173 (13.6%) either died (n ¼ 75) or developed NEC (n ¼ 98) after day 14 of life, with the mean (s.d.) age of NEC onset or death of 37 (19) days. Most study infants (91%, n ¼ 1153) received some enteral feeding within the first 14 days of life: 31.6% (n ¼ 402) received HM only, 28.3% (n ¼ 360) received formula only, 30.7% (n ¼ 391) received a combination of HM and formula and the remaining 9.4% (n ¼ 119) received no enteral nutrition. There was no association between the amount of HM received in the first 14 days and whether or not the infant received glutamine supplementation as part of the original clinical trial (P ¼ 0.57). There was also no association with glutamine treatment group and NEC. 16 Therefore, glutamine supplementation was not included in any of the statistical models.
Aspects of care, including feeding practices, varied from center to center. Among infants who had a PDA, the proportion of infants treated with indomethacin ranged from 70 to 100%, whereas the proportion of infants who had a ligation ranged from 5.6 to 65.2%. The proportion of infants who received any HM ranged from 36.8 to 94.7%. The incidence of NEC varied by center and ranged from 0 to 12.7%.
The characteristics of the study infants and the unadjusted associations between enteral feeding and NEC or death are summarized in Table 1 . Compared to infants who survived free of NEC, infants with NEC or death were fed less HM (mean (s.d.)) cumulative volume (85 (154) vs 154 (250) ml kg À1 ), and had a lower mean daily HM intake 6 (11.0) vs 11 (17.9) ml kg À1 per day) during the first 14 days of life. Over the entire NICU stay, infants who died or developed NEC had a lower mean proportion of total intake as HM (6 (10) vs 10% (16)). Infants with NEC or death were also more likely to receive parenteral nutrition as their only nutritional intake during the first 14 days of life compared to infants who did not develop NEC or death (19 vs 7.8%).
The results of the multivariable Cox analyses, reported as adjusted HRs and 95% CIs, are shown in Table 2 . Controlling for birth weight, small for gestational age, race, antenatal steroids, receipt of mechanical ventilation, PDA and center, the HR for NEC or death after age 14 days was 0.87 for every 100 ml kg À1 increase in the volume of HM. In other words, the hazard of NEC or death was decreased by 13% for every 100 ml kg À1 increase in HM an infant received in the first 14 days of life. As illustrated in Figure 1 , increasing amount of HM intake within the first 14 days of life was associated with increased survival time free of NEC.
The results of the multivariable model that only included infants who received some HM in the first 14 days (n ¼ 792), each Total intake defined as enteral plus parenteral nutrition.
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An increasing proportion of HM to total intake (enteral plus parental) was also associated with a decreased relative risk of NEC (HR 0.83, 95% CI 0.72, 0.96). As illustrated in Figure 2 , increasing proportion of HM to total intake was associated with increased survival time free of NEC. When focusing on enteral feeding only, there appeared to be a trend towards a decreased risk of NEC or death among infants who received 100% HM as a proportion of total enteral intake (HM plus formula). However, this finding was not statistically significant (HR 0.85 (95% CI 0.60, 1.19)).
Discussion
We examined the dose effect of HM received in the first 14 days of life on the likelihood of NEC or death among extremely low birth weight infants who were over 23 weeks gestational age, were not transferred to another facility, and survived free of NEC to day 14 of life. HM intake was estimated both as the absolute amount of HM as well as a proportion of other types of feeding intakes. The current study findings are consistent with other observational studies that reported on varying doses of HM in relation to a reduced risk of NEC. 8, 13, 19 We further substantiate and expand the pool of evidence suggesting an inverse relationship between the cumulative amount of HM an infant received and the subsequent risk of NEC or death. We also observed an association between receipt of any type of enteral feeding, including but not limited to HM, and reduced risk of NEC or death. We were unable to distinguish the effects of willingness of clinicians to provide enteral feedings, the infant's ability to tolerate enteral feedings, the mother's intention to breast-feed and the type of enteral feeding used. By excluding infants who developed NEC within the first 14 days, we were able to avoid the majority of cases of spontaneous perforation that could be misclassified as NEC. 20 Protective effects of HM have been observed with partial, not necessarily exclusive, feeding of HM. 8, 9, 14, 19, 21 Although investigators have focused on the potential health contributions of receiving HM, few have evaluated a possible dose-response relationship. Schanler et al. 8 reported significantly lower rates of NEC or sepsis in a prospective cohort of 108 very low birth weight infants receiving >50 ml kg À1 per day of fortified HM (mean birth weight 1069 g) compared to infants fed preterm formula (mean showed a decrease in the odds of NEC among infants receiving X50 ml kg À1 per day. Sisk et al. 21 recently reported a sixfold decrease in the odds of NEC among 202 very low birth weight infants who received feeds with at least 50% HM compared to infants who received <50% HM. We also found a protective effect of HM against NEC when looking at the volume of HM an infant received as well as the proportion of HM received to total intake.
The current study is a secondary analysis of a completed randomized trial of glutamine supplementation 16 and was not designed to address the potential protective effects of HM on outcomes. The primary outcome of the original study was the composite of death or late onset sepsis, with NEC being a secondary outcome of interest. If NEC had been the primary outcome of the glutamine study, the sample size required to detect an effect of glutamine to reduce NEC risk would have been prohibitively higher (as NEC occurs at a lower incidence). The prospective detailed collection of nutrition data as part of the trial allowed us to examine the relationship between the amount of HM provided to the infant in the first 14 days of life and the outcome of interest. We are aware that feeding practices and other aspects of care vary from center to center, with the proportion of infants who received HM ranging from 36.8 to 94.7% in the current study. Most of the infants (67%) who developed NEC or died in our study received some HM during their NICU stay.
Studying the relationship between feeding and any outcome has been both limited and difficult due to the variability in defining HM intake. Various studies have defined important HM intake as receiving any HM, 9,10,14 a daily mean of 50 ml kg À1 , 8,13 50% proportion of HM to total enteral intake, 21 early (first 2 weeks of life) full enteral feeds 19 and increasing daily volume. 15 It is also true that when quantifying HM intake as a proportion of enteral intake, infants who are mostly on parenteral nutrition, but receive most of their enteral feeds as HM will have a high proportion of HM to total enteral feeds. This methodological issue may underestimate the true protective relationship of HM regarding NEC. Therefore, we defined HM intake in several ways, including cumulative volume, proportion of HM to total intake and proportion of HM to total enteral intake all within the first 14 days of life. Our reasoning for these methods are similar to that reported by Furman et al.
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Variations in HM intake among premature infants may be related to infant illness, infant maturity, clinician practice style and parent preference. In the current study, infants who developed NEC or died received less HM that those who did not. In our multivariable models we, at least partially, adjusted for immaturity (birth weight) and illness severity (duration of mechanical ventilation and PDA) and clinician practice style (center of care). It is possible that factors other than feeding practices, but associated with feeding practices, may have led to higher likelihood of survival time free of NEC. We were unable to adjust for either parent preferences or differences in individual clinician practice style. Healthier infants may be more likely to receive more enteral nutrition. Our analyses may not have fully accounted or controlled for all infant and clinician characteristics related to the amount and type of enteral feedings provided. The issue of potential confounding is not easily addressed. Randomized clinical trials comparing mother's own milk to formula feedings may not be feasible as the decision to provide HM is made by the mother, and other observational studies on infant feeding will have the same limitations as seen in the current study.
The current study findings support a possible dose-dependent, beneficial effect of HM on risk of NEC or death in extremely low birth weight infants. A recommendation to encourage HM feeding to prevent NEC can be supported by evidence presented here in conjunction with other available evidence. We believe that the accumulating evidence from observational studies, including ours, and absence of evidence of harm associated with HM feedings, can be used to guide mothers' infant feeding decisions and NICU policies that encourage provision of HM to premature infants.
